Introduction
Since the pioneering work of F10ry,l-~ hug gin^,^^ and Prig~gine,~ a vast number of publications has been devoted to the study of upper (UCMT) and lower critical miscibility temperature (LCMT) phase behavior in relation t o different thermodynamic and molecular parameters. Basically, for nonpolar polymer systems (thus excluding systems with strong orientation-dependent interactions) the UCMT demixing is a result of entropic contributions to the free energy favoring miscibility a t high temperatures and unfavorable energetic interactions ultimately causing the system to demix at sufficiently low temperatures. 8 The entropically driven LCMT demixing is essentially due to a mismatch between the equation-of-state properties of the constituents.a T h e discussion of strong orientational interactions can be successful only when different theoretical concepts are applied.7~~ Therefore, in the present paper only nonpolar systems will be discussed. The basic ingredients, i.e., combinatorial entropy and energetic and equation-of-state contributions, not only provide a sound theoretical framework to discuss phase behavior at 0024-92971 90 J 2223-4092$02.50/ 0 atmospheric pressure but also allow the evaluation of, e.g., excess functions a n d t h e influence of pressure on thermodynamic properties. Independent of any particular model, thermodynamic correlations of course exist between t h e excess enthalpy a n d volume a n d t h e pressure dependence on the phase behavior.a These correlations bring to bear a thorough test upon the molecular theories at hand. Partly to test these relations the influence of pressure on the phase behavior for different polymer s o l u t i o n s a n d b l e n d s h a s b e e n d o c u m e n t e d experimentally.1D-12 Some current theories are not capable of correlating these data.lOJ1 In this work the SimhaSomcynsky hole theory13 and a modified hole theory14 are used to discuss the experimental data. With the modified hole theory a consistent prediction of all the data available for the system polystyrene/ cyclohexane is obtained.
Theory
A. Helmholtz Free Energy. The hole theory for pure components discussed in the previous paper14 is readily extended to mixtures. For a binary mixture of Ma and Nb molecules of component A and B, respectively, in a volume C 1990 American Chemical Society V, the configurational Helmholtz free energy reads
where 4a ( = 1 -4b) = Nasa/ (Nasa + N b s b ) ; sa and Sb are the relative chain lengths of components A and B; y is the occupied site fraction; (s) is the average chain length; ( a ) = y(1 -l / ( s ) ) ; y = 2/z; z is the lattice coordination number; (c,) is the average flexibility parameter; ( u * ) is the average segmental hard-core volume; Q = y e ; 7 = 2-1/6y(l -( a ) ) / ( ( l -(~u)y)Ql/~); P a n d p a r e the reduced 
From the partition function for the binary system the composition dependences of the average chain length (s) and the number of external degrees of freedom (c,) are obtained from 
The reducing parameters P, V*, and T* are functions of t h e composition-dependent molecular parameters according to
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T* = z ( l -( c Y ) ) ( c * ) / ( c , ) R (74 C. Phase Behavior: Spinodal and Critical Conditions. Generally, in the P -v -T -4 b space of a binary system a two-phase region or miscibility gap exists bounded by the binodal condition. The miscibility gap is subdivided by the spinodal in a metastable and unstable region. Binodal and spinodal make contact at the critical state, which for strictly binary systems is situated a t the top of both curves. In the following we will consider upper critical miscibility temperature (UCMT) and lower critical miscibility temperature (LCMT) phase behavior. For the present discussion we limit ourselves to the computation of spinodal and consolute conditions for binary mixtures. The spinodal condition is defined by17
A t the consolute state the spinodal condition (8) is obeyed simultaneously with the extra condition
Furthermore, the curvature of the enthalpy of mixing as a function of composition is related to the type of phase behavior?
UCMT: (d2H/d4;), C 0 (124 LCMT: (d2H/d4;), > 0 (12b) By combining eqs 10 and 12 the slope of the critical temperature with pressure is directly related to the curvature of the volume of mixing as a function of composition. If the excess volume and enthalpy of mixing have uniform curvature spanning the complete composition space, the sign of the curvature is opposite to the sign of the excess function. Consequently, the sign of the coefficient (dT/dp), can be related to the sign of the critical excess volume AV, and enthalpy AHc of mixing:
In most cases little is known about the compositional curvature of excess functions, and eq 13 is adopted as a first approximation.
Comparison with Experimental Data and Discussion
A. Selected Experimental Data. For the system polystyrene/cyclohexane (PS/CH) a wealth of accurate experimental data from different laboratories is available. A selection from these data will be used to illustrate the positions of the SS and HH hole theories. The available molecular characteristics and supplier information for solvents and polymers are shown in Table I . All polymers are anionically polymerized with a narrow molar mass distribution (MMD). For three PS fractions UCMT (d3S/d4b3)c(d2V/d4;)c -(~3v/d4b3)c(~2s/~4;)c spinodal18 and critical19 data are given in Tables I1 and   111 and shown in Figure 1 . Experimental LCMT cloud point data for a different set of PS molar massesz0 are shown in Table IV and Figure 2 . In Table V the critical temperature as a function of pressure is tabulated in the pressure range 0-300 bar. These data were obtained by Wolf and Geerissenlo for a molar mass of 600 kg/mol. Finally, for a set of molar masses ranging from 37 to 2700 kg/mol Saeki, Kuwahara, Nakata, and Kaneko" determined the critical temperature as a function of pressure. T h e pressure interval covered in these experiments ranges from 0 to 50 bar. These data are summarized in Table VI Figure 1 . For the H H theory the calculated change of critical temperature and composition with molar mass is too small. For SS theory the agreement with experimental data is better. It has been shown previously that small Differences between experimental and theoretical spinodal branches a t the left-hand side of the critical point are related to dilute-solution effects. The present hole theories are derived for uniform segment densities. In dilute solutions large fluctuations in t h e local segment concentration exist, thus violating the uniform segment density These dilute-solution effects have been discussed in the literature based on different theoretical concept^.^^^^-^^ In principle, the hole theories can be corrected for such dilute-solution effects, but this will not be discussed here. The right-hand side of the calculated spinodal branches is somewhat too narrow in comparison with experimental data. These differences can be reconciled by allowing small changes in the flexibility parameter,24 which can be interpreted as a slight temperature dependence. For the present discussion was are primarily interested in the pressure dependence of the phase behavior. Therefore we do not make the parameters molar mass or temperature dependent to improve the correspondence between theory and experiment but will proceed with the single set of molecular parameters summarized in Table  VI1 extracted from pure-component PVT data and a single UCMT critical point. In Figure 2 the predicted and experimental LCMT phase behavior for the data of Saeki et al. are compared. The agreement between theory and experiment is satisfactory, particularly if one realizes that with the set of molecular parameters estimated from a energetically driven phenomenon situated at a temperature of ca. 300 K, an entropy-driven demixing 180 K higher is predicted with this accuracy. Also here the change of the critical coordinates with molar mass is slightly underestimated. This is comparable to the situation observed for the UCMT behavior. The shape of calculated LCMT spinodal and experimental LCMT cloud point curves cannot be compared directly. However, similar conclusions as for the UCMT behavior may be expected. Comparison of the spinodal curves calculated according to HH and SS theories reveals differences between the models. For the HH theory the LCMT miscibility gaps are predicted a t higher temperatures, in better agreement with experimental data. Furthermore, the spinodal curves according to SS theory are considerably broader than the corresponding HH curves. It is well recognized that LCMT demixing is governed by free-volume differences between the constituent^.^^ In the hole theories discussed here this quantity is explicitly defined in terms of the structure parameter h = (1 -y),
i.e., the free-site fraction. The improved miscibility predictions according to the HH theory are realized because of a smaller difference in this q~a n t i t y . '~?~~ That is, phase separation is therefore predicted at higher temperatures in the HH than in the SS theory.
Influence of Pressure.
In Figure 3 calculated and experimental critical coordinates can be compared for the data of Wolf and Geerissen. As indicated by the previous results, one may expect deviations between calculated and experimental data at atmospheric pressure merely due to theory. Furthermore, as shown by Wolf and Geerissen, even in solvents of different suppliers, different critical temperatures are obtained.l0 Therefore the pressure dependence of the critical temperature is shown in Figure  3 relative to the critical temperature a t atmospheric pressure. SS theory predicts a monotonous increase of the critical temperature with pressure, and the predicted slope is ca. 10 times too large. The modified hole theory, however, gives an excellent prediction of the observed effect. Slope and change in sign are predicted by the HH theory. With this theory a consistent prediction of the experimental data of Saeki et al. is realized also.
In Figure 4 the initial slope of the critical temperature is drawn as a function of the logarithm of the molar mass. In this figure the experimental results of Wolf and Geerissen and Saeki et al. are combined. The computed and measured values of the slope differ by approximately a constant amount for all molar masses. On the other hand, the molar mass dependence is predicted quite well. Consequently, the exact value of the molar mass at which the slope changes sign is not predicted accurately. However, one has to realize that all these predictions are obtained with mixture parameters determined from a single critical temperature and composition a t atmospheric pressure. The results shown in Figure 3 and 4 demonstrate quite clearly that the modified hole theory gives a very good prediction of these subtle pressure phenomena.
For completeness, the change of critical composition with pressure for UCMT and LCMT phase behavior is shown in Figure 5 . According to eq 11 these changes are related to the fourth compositional derivative of the free energy. This is one of the rare experiments that probes the compositional dependency of the free energy in such an intricate manner. However, presently no systematic experimental study for polymer solutions is available. It must be anticipated that, if the small changes predicted are in agreement with experiment, they will be extremely difficult to measure. Once more these calculations reveal differences between the two hole theories. Experimental verification or contradiction would give an extra indication of their relevance.
Correlation with Excess Volume and Enthalpy of Mixing.
The influence of pressure on the critical temperature is determined by the volume and enthalpy of mixing. In most cases the approximate eq 13 is used to rationalize the experimental data shown in Figures 3  and 4 . Accordingly, for the UCMT phase behavior the excess volume of mixing should change sign with pressure and molar mass to explain the subtle changes observed in Figures 3 and 4 . However, no exact experimental evidence is available to support these conclusions. For the PS fraction M4 the calculated excess volume of mixing is shown in Figure 6 as a function of pressure a t t h e corresponding critical temperatures.
The excess volume of mixing does not change sign, in disagreement with eq 13. Therefore the exact eq 11 should be used. The change in slope observed in Figure 3 is related to a local change in curvature in the excess volume.
Modified Hole Theory of Polymeric Fluids. 2 4097
by an interplay between changes in the structure parameter y, the occupied site fraction, and changes in the cell volume which are related to the packing efficiency of different segments. The unique combination of these two effects is essential to the hole theories discussed in this work and sets them apart from other equation-of-state theories currently available. In modern theories for low molar mass molecular liquids it is well accepted that the liquid structure and properties are determined by geometrical constraint^.^^ This effect is accounted for in a first approximation in the SS and HH theories.
Conclusions
Both HH and SS theories are able to describe and predict the phase behavior of polymer solutions. The merits of the theories have been demonstrated for the system PS/CH. Differences between the theories remain relatively small if one is concerned with the UCST and LCST miscibility behavior a t atmospheric pressure. However, important differences appear is one is interested in the influence of pressure. For the LCST phase behavior no detailed experimental information is available. Both theories predict an increased miscibility with pressure that can be related to a reduced difference in free volume between components upon applying pressure. For the UCST phase behavior, significant differences between theories emerge. Particularly, the HH theory is very successful in predicting subtle pressure phenomena observed for the UCMT. Thermodynamically the pressure dependence of the critical temperature can be related to the composition dependence of the volume of mixing. In the original literature presenting the experimental data, these subtle changes were correlated with changes in sign of the excess volume of mixing. For the system PS/CH detailed experimental evidence supporting these conclusions is lacking. In this paper we present an alternative and original correlation between the influence of pressure on the critical temperature and the excess volume of mixing. According to the HH theory the excess volume of mixing a t the UCMT remains negative but has a rather complicated composition-dependent curvature. Because t h e experimental data are missing, these predictions cannot now be checked. However, in a forthcoming paper the prediction will be tested with new experimental data. So far, the predictions seem to be confirmed by these new experiments. The theoretical explanation offered by the hole theories is unique and sets them apart from other equation-of-state theories presently available. Upon applying pressure a change in curvature develops a t the low-composition side of the diagram. Therefore, a t a certain composition an inflection point exists connecting regions of different curvature. If pressure is increased, the inflection point moves toward higher polymer concentrations. At the point where the pressure coefficient in Figure 3 becomes equal to zero the inflection point coincides with the critical composition. Upon increasing the pressure even more, the inflection point shifts further to higher polymer concentrations, and the critical composition is then situated in the region with negative curvature. Also the data in Figure 4 are explained according to the HH theory by local changes in curvature now initiated by a change in molar mass. This is drawn in Figure 7 . At sufficiently high molar mass the situation sketched previously is valid. If the molar mass is decreased, the curvature changes locally. Depending on the location of the inflection point and critical composition, the coefficient (dT/dP), will be positive or negative. For the molar mass a t which the inflection point coincides with the critical composition the coefficient (dT/dP), becomes equal to zero. A t present these predictions cannot be compared to experimental data. A more detailed evaluation of the pressure and molar mass dependence of excess functions in relation to the pressure dependence of the critical temperature will be presented in a future paper. Here it suffices to say that the predictions and correlations in this paper seem to be confirmed by experiment. The local changes in the excess volume of mixing are accomplished
Introduction
Over the past two decades, a considerable amount of research has been devoted to random ionomers due to their unique physical properties.I-l3 A number of models for the morphology of random ionomers have been proposed, none of which are completely consistent with all of the experimental observations on these materials. These models have been reviewed recently.lOJ1 It is now generally accepted that the ion pairs aggregate to form quadruplets, sextuplets, and higher aggregates, collectively called m~ltiplets.'~ In addition, ion-rich regions termed clusters may also exist a t sufficiently high ion contents in some systems.14 The clusters behave as a separate phase in that they exhibit their own glass transition temperature (Tg).
However, the exact structures of the multiplets and clusters have not yet been fully elucidated. In this paper, a new multiplet-cluster model is proposed, which is based on * To whom all correspondence should be addressed. restricted mobility of the polymer chains in the vicinity of the multiplets and which reconciles some of the apparent inconsistencies in our current understanding of these systems.
The first qualitative model for the morphologies of random ionomers was developed by Bonotto and Bonner in 1968.15 In the same year, Longworth and VaughanlG proposed a model based on the analysis of small-angle Xray scattering (SAXS) data for poly(ethy1ene-co-methacrylic acid) and its alkali-metal ionomer derivatives. A peak corresponding to a Bragg spacing of ca. 50 A was observed in the scattering profiles. This "ionic" peak was interpreted as being due to scattering from ordered hydrocarbon chains between ionic aggregates rather than the aggregates themselves. This model was shown to have several shortcomings, among which are its inability to account for the fact that cesium salts show a much more intense SAXS peak than lithium salts, as well as the observation that both the melting point and the degree of crystallinity are approximately the same in the acid copolymers and the corresponding salt forms.
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